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. ^ (54) Title: OSMOTIC DESALINATION PROCESS 

CO (57) Abstract: An energy efficient desalination process that does not produce waste products involves the extraction of water from 
a first solution such as seawater, by using a second concentrated solution to draw the water from the first solution across a serm- 
permeable membrane. By manipulating the equilibrium of the soluble and insoluble species of solute within the second solution in 
^ favor of the soluble species of the solute, a saturated second solution can be used to generate osmotic pressure on the first solution. 
£2 Also by adjusting the equilibrium in favor of the less soluble species after the water has been drawn from the first solution, a portion 
9 of the solute can easily be precipitated out Heating the second solution decomposes the solute into its constituent gasses. The 
O constituent gasses and precipitated solute may be recycled through the process to affect the changes in equilibrium and eliminate 
waste products. Additionally, by using the waste steam from industrial sources and a heat pump to effectively distribute heat through 
^ the present method, the present method exhibits greater energy efficiency than prior art methods. 
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Field Of The Invention 
The invention relates generally to the field of desalination involving osmosis. More 
5 particularly, the invention relates to seawater desalination, brackish water desalination, 

wastewater purification, contaminated water remediation, or any oilier separation of solutes and 
water from an aqueous solution. 

Description Of Related Art 

10 Due to the abundance of seawater available and the increasing demand for water suitable 

for drinking and industrial use, seawater desalination continues to be important. Moreover, 
large scale, economic, and environmentally sound seawater desalination is especially important 
because increases in the population and the continued expansion of various industries has 
created a growing need for new and inexpensive sources of potable water. Many diverse 

15 methods of desalination have been developed including the technologies of distillation, reverse 
osmosis, freezing, electrodialysis, ion exchange and forward osmosis. Some of these various 
methods are detailed in U.S. Patent Nos. 3,171,799 to Batchelder, 3,216,930 to HalfE, 3,670,897 
to Frank, and 5,098,575 to Yaeli. 

20 The primary difficulties presented by these approaches to seawater desalination are 

adverse environmental impacts and exorbitant water production cost. For example, distillation 
and reverse osmosis are the most widely employed desalination methods. But both methods 
produce a process waste stream or brine discharge. Since these processes can only extract a 
portion (15-50%) of the water from salt water, the remaining seawater - with its increased 

25 salinity - is returned to the seawater source. Over a period of time, this waste stream or brine 
discharge can cause the average salinity of the environment to increase. Moreover, if the 
desalination process utilizes distillation, the temperature of the waste stream will be higher than 
the surrounding environs and this may also adversely affect the environment. The long term 
impact of the waste stream and the brine discharge on the environment are uncertain. But this 

30 impact is a significant consideration when constructing seawater desalination plants and has 
become a primary obstacle to the use of these plants. 

These widely employed desalination methods are also expensive. It typically costs twice 
as much or more to produce fresh water from seawater desalination than when water is obtained 
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by otner means. For exWiple, the average cost to the SoutihgiiLMe&Qi3^ 
California) of water from the Colorado River and northern California sources is $450/ Acre-fL 
The same quantity of water produced by reverse osmosis or distillation has an average cost of 
S977/Acre-ft, with possible savings on economies of scale reducing the cost to $700/Acre-ft for 
5 large quantities over a long term of use. The combination of environmental impact and cost has 
made sea water desalination prohibitive for all but the most water-scarce environments. 

Forward or natural osmosis has also been used for desalination. In general, the forward 
osmosis desalination process involves a container having two chambers separated by a semi- 

10 permeable membrane. One chamber contains sea water. The other chamber contains a 

concentrated solution that generates a concentration gradient between the saltwater and the 
concentrated solution. This gradient draws water from the saltwater across the membrane, 
which selectively permits water to pass but not salt, into the concentrated solution. Gradually, 
the water entering the concentrated solution dilutes the solution. The solutes are then removed 

15 from the dilute solution to generate potable water. 

In particular, U.S. Patent Nos. 3,130,156 to Neff and 3,532,621 to Hough are directed to 
forward osmosis desalination processes. The Neff patent discloses a forward osmosis process in 
which a 2 molar solution of ammonium bicarbonate is used to draw water from seawater across 

20 a semi-permeable membrane. According to Neff, the dilute solution is then heated to 

decompose the ammonium bicarbonate solute into its constituent gases. The gasses are then 
released from the solution, leaving behind potable water. The gases released from the solution 
in the process disclosed in the Neff patent are then compressed or cooled to generate ammonium 
bicarbonate that is recycled into the concentrated solution in the first step of the process. The 

25 Neff patent recognizes that this results in the removal of only a small amount of water from 

larger quantities of saltwater (low yield.) Also, considerable amounts of energy are still needed 
to vaporize the gas constituents of the solute. Like Neff; the Hough patent discloses a forward 
osmosis process in which a concentrated solution is used to draw the water from the seawater 
across a semi-permeable membrane. However, unlike Neff, the Hough patent precipitates the 

30 solute out of the solution and recycles the precipitate back into the concentrated solution. 

According to Hough, expendable or separately recyclable solutes may be needed as reagents for 
this precipitation and pH adjustment, and further solutes may be needed to balance the pH of the 
potable water after the precipitation step. These further pH adjustments may result in further 
precipitation that must be discharged as waste. Thus, these desalination processes fail to remove 

35 substantial portions of drinkable water from sea water (high yields) and still require too much 
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energy and result in tocJWgh an environmental impact (dt^Efll^Bdi^^ 
brine discharge) to implement them on a larger scale. 

What is needed is the desalination of seawater or other aqueous solutions, in a simple 
5 straightforward process which is economically and environmentally superior to existing aqueous 
separation processes. This process should also he scalable so that water may be treated on as 
large a scale as desirable. More particularly what is needed is a forward osmotic desalination 
process which substantially removes most of the water from the saltwater source and recycles all 
solutes so as to significantly reduce or ehminate the brine discharge and associated 
10 environmental impacts of existing desalination methods. To accomplish this, the equilibrium of 
more soluble to less soluble solutes would be adjustable to maximize the concentration gradient 
between the draw solution and the seawater, and, thereby the amount of water removed from the 
saltwater. This manipulation of equilibrium may then be used to remove said solutes with the 
minimum energy expense, providing for a high quality dilute water product. What is further 
15 needed is a process that uses energy provided by cheap readily available heat sources, such as 
waste steam from power plants or industrial facilities, or from thermal solar collectors. 

Summary Of The Invention 
The invention provides, a method of obtaining a high yield of solvent from desalination 
20 without the excessive energy demands and/or environmentally harmful waste discharge 

associated with the prior art methods of desalination The invention achieves this by using a 
method of forward osmosis in which the concentration of a second solution is increased, through 
equuibrium shifts in the solutes contained within the second solution, to a point where the 
second solution can withdraw most of the solvent from a first solution Through this 
25 manipulation of equilibrium, the present invention is able to separate a solvent from undesirable 
solutes in an energy efficient manner that results in high yileds and permits the recycling of the 

solutes within the process . 

The inventive osmotic method of desalination is illustrated by a first embodiment of the 
invention in which a first solution is exposed to a first surface of a semi-permeable membrane. 

30 A second solution that has a concentration greater than that of the first solution is exposed to a 
second opposed surface of this membrane. The concentration of the second solution is increased 
by using a first reagent to adjust the equilibrium of solutes within the second solution to increase 
the amount of a soluble species of solute within second solution. The concentration gradient 
between the first and second solutions men draws the solvent from the first solution through the 

35 semi-permeable membrane and into the second solution producing a solvent-enriched solution. 
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A portion of the solutesWe then precipitated and filtered <g* l pa^^ 

solution. The remaining solutes within the solvent-enriched second solution are removed by 
heating the solvent-enriched second solution to decompose the remaining soluble and less- 
soluble species of solutes into their constituent gasses to produce a solvent. 
5 In one embodiment, the first solution may be seawater, brackish water, wastewater, 

contaniinated water, or other aqueous solutions. Additionally, the solvent in the present 
invention may be water in preferred embodiments. In a further preferred embodiment, the 
second solution may be a concentrated solution of ammonia and carbon dioxide, with resultant 
aqueous species: ammonium carbonate, ammonium bicarbonate, and ammonium carbamate. 
1 0 In another embodiment, the semi-permeable membrane may allow the passage of water, 

but exclude the dissolved solutes sodium chloride, ammonium carbonate, ammonium 
bicarbonate, and ammonium carbamate. 

In another embodiment, the first reagent may be comprised of a mixture of carbon 
dioxide and ammonia gasses. The first reagent may also be the constituent gasses which are 
1 5 recycled after being released from solution when the solute is decomposed. In a further 
embodiment, the second solution may be heated to about 50 to 58° C to increase the 
concentration of the second solution. The concentration of the second solution may be at least 6 
molal in' a preferred embodiment. In one embodiment, the solvent-enriched second solution may 
be cooled to about 18 to 25° C prior to subjecting the solvent-enriched second solution to the 
20 second reagent if the second solution was previously heated. 

In another embodiment, the concentrated first solution resulting from the forward 
osmosis process may be pumped to solar evaporation tanks. In an alternative embodiment, 
precipitates may be filtered from the concentrated first solution. 

In a further embodiment, the portion of solute maybe precipitated out of the solvent- 
25 enriched second solution by adjusting the equilibrium of the solvent enriched second solution to 
increase the amount of a less-soluble solute present in the solution. This may be done by adding 
a second reagent causing a portion of the less-soluble species to precipitate out of the solvent- 
enriched second solution. In one embodiment, the second reagent may be carbon dioxide gas. 
In yet another embodiment, the heat used to decompose the remaining soluble and less- 
30 soluble species may be waste steam from power or industrial plants, solar, geothermal, or heat 
pumped by heat exchange the heat being produced by the exomermic introduction of the first 
and second solutes into the second solution. The constituent gasses released upon heating of the 
solvent-enriched solution may be arnmonia and carbon dioxide. 

In a preferred embodiment, the osmotic method may include the additional steps of 
3 5 introducing a remaining portion of the first reagent, as the second reagent, to the solvent- 
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enriched solution; recycling the precipitated less-soluble ^egfesTof sbSlME&im^s^SdSS&ffi&n 
after filtration; and recycling the constituent gasses, as the first reagent, after heating the solvent- 
enriched second solution. 

In a further embodiment, the solvent may be subjected to at least one of the processes of 
5 pH balancing and supplementing with additional solutes. 

In a second embodiment, the osmotic method for extracting water from an aqueous 
solution starts by exposing the aqueous solution to a first surface of a semi-permeable 
membrane. The equilibrium of a second solution may be adjusted to increase the amount of 
ammonium carbamate present in the solution by adding a first gas of arrrmonia and carbon 
1 0 dioxide, wherein the ammonia present in the first gas is preferentially adsorbed by the second 

solution. This increases the concentration of the second solution so that it is greater than that of 
the aqueous solution. The second solution may then be exposed to a second opposed surface of 
the semi-permeable membrane. Water may then be drawn from the aqueous solution through 
the semi-permeable membrane and into the second solution generating a water-enriched 
1 5 solution. The equilibrium of the water-enriched solution may then be adjusted to increase the 
amount of ammonium bicarbonate present in the solution by adding a second gas which may be 
the carbon dioxide gas remaining from the first equilibrium adjustment. This equilibrium 
adjustment causes a portion of the ammonia bicarbonate to precipitate out of the water-enriched 
solution and is then filtered out of the water-enriched solution This precipitated arrrmonia 
20 bicarbonate may be recycled to the second solution. The remaining water-enriched solution may 
be heated to decompose the remaining ammonia carbamate and ammonium bicarbonate into 
ammonia and carbon dioxide to produce potable water. The ammonia and carbon dioxide gasses 
released from solution may then be recycled as the first gas in the present osmotic method. 

The present invention also relates to an apparatus for the extraction of a solvent from a 
25 first solution using osmosis comprising. In an embodiment of the apparatus, the apparatus has a 
first chamber with an inlet and an outlet. The inlet of the first chamber may be connected to a 
source of the first solution. A semi-permeable membrane separates the first chamber from a 
second chamber. The second chamber has an inlet and a first and second outlet. A third 
chamber receives a solvent-enriched second solution from the first outlet of the second chamber 
30 and a reagent from the second outlet of the second chamber. The third chamber has an outlet 
which is connected to a filter for filtering the water-enriched second solution. The filter has a 
first and second outlet: the first outlet is connected to the inlet of the second chamber in order to 
recycle a precipitated solute to the second chamber; and a fourth chamber receives the solvent- 
enriched second solution from the second outlet of the filter. The fourth chamber has a heater 
35 for heating a solvent-enriched second solution. A first outlet in the fourth chamber returns 
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constituent gasses to thStlet of the second chamber. A sj^eMd^u^tiM^ 
permits the final product, the solvent, to exit the apparatus. 

Additional features, advantages, and embodiments of the invention may be set forth or 
apparent from consideration of the following detailed description, drawings, and claims. 
Moreover, it is to be understood that both the foregoing summary of the invention and the 
following detailed description are exemplary and intended to provide further explanation 
without limiting the scope of the invention as claimed. 

Brief Description Of The Drawings 
The accompanying drawings, which are included to provide a further understanding of 
the invention and are incorporated in and constitute a part of this specification, illustrate 
preferred embodiments of the invention and together with the detailed description serve to 
explain the principles of the invention. In the drawings: 

Fig. 1 is a schematic diagram of the desalination method in accordance with the 
invention. 

Fig. 2 is a more detailed schematic diagram of the desalination method in accordance 
with the invention. 

Fig. 3 is a diagram of the apparatus used in the desalination method in accordance with 
the invention. 

Description Of The Preferred Embodiments 
The invention is generally directed to a method and apparatus for desalination. The 
method of the invention is shown and described with reference to Figs. 1 and 2. The apparatus 
is shown and described with reference to Fig. 3. Throughout the description like reference 
numerals are used in all the figures to describe like features. 

Fig. 1 shows an overview diagram of a forward osmotic desalination method in 
accordance with the invention, the details of which will then be described with reference to Fig. 
2. As shown in Fig. 1, the solution, for example, seawater, brackish water, wastewater, 
cxmtaminated water or other solution, referred to as the first solution is disposed in a first 
chamber (12), as illustrated by reference numeral (10). First chamber (12) is in fluid 
co mm unication with a semi-permeable membrane (16) as illustrated by arrow (13). A second 
solution having a concentration greater than the first solution is contained in second chamber 
(18). The higher concentration solution enables the solvent, i.e., the water, from the first 
solution in the first chamber (12) to osmose across the semi-permeable membrane (16) into the 
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more concentrated secdHff solution located within the sf&<W$mm&MW 
arrow (15) - a process referred to as forward osmosis. Having lost much of its solvent, the 
remaining first solution in the first chamber (12) is predorninantly solute, e.g., bulk salt in the 
case of seawater, as discussed later, and is discarded as illustrated by arrow (14). The resulting 
5 solvent-enriched second solution in the second chamber (18) is then introduced, as illustrated by 
arrow (19) ; into a third chamber (22). In third chamber (22) solutes in the solvent-enriched 
second solution may be precipitated out and recycled back into second chamber (18), as 
illustrated by arrow (28), to maintain the concentration of the second solution. The remaining 
solvent-enriched second solution in the third chamber (22) is then introduced, as illustrated by 
1 0 arrow (23), into a fourth chamber (24). In the fourth chamber (24) the remaining solvent- 
enriched second solution may be heated to remove any remaining solutes to produce the final 
result the solvent, i.e. potable water, illustrated by arrow (26). Because in the fourth chamber 
(24) the heat removes any remaining solutes by breaking them down into their constituent 
gasses, the gasses may be returned to the second chamber (1 8) as illustrated by arrow (20) to 
1 5 maintain the concentration gradient of the second solution in chamber (1 8) and act as reagent, as 
discussed in more detail below. 

Referring now to Fig. 2, the details of the method in accordance with the invention will 
be discussed. As discussed above, the process starts with the first solution contained wilhin the 
first container (12). The first solution is an aqueous solution, one in which water is the primary 
20 solvent, that is being treated, either for the purpose of potable water recovery or for the removal 
of undesirable solutes. Included among these undesirable solutes are undesired chemically 
precipitable soluble salts such as sodium chloride (NaCl.) Typical examples of the first solution 
include aqueous solutions such as seawater, brine and other saline solutions, brackish water, 
mineralized water, industrial waste water, and so forth. Although the first solution described 
25 herein is preferably aqueous solutions, use of non-aqueous solutions such as those of organic 
solvents in the methods of the present invention are also contemplated. The first solution may 
be filtered and pre-treated in accordance with the practice in the desalination art in order to 
remove solid and chemical wastes, biological contaminants, and otherwise prevent membrane 
fouling, prior to desalination and is then supplied to the first chamber (12) as indicated by arrow 
30 10. 

A semi-permeable membrane (16), which separates the first chamber (12) from the 
second chamber (18), separates solutes from the solvent as the solvent of the first solution 
osmoses into the second solution. Many types of semi-permeable membranes (16) are suitable 
for this purpose provided that they are capable of allowing the passage of the water (i.e., the 
3 5 solvent) while blocking the passage of the solutes and not reacting with the solutes in the 
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solution. The membraf!P[16) can have a variety of cormgarlfi^ 

fiber membranes with thin walls or fabric like configurations consisting of hollow fibers and 
monofilaments, asymetric and composite membranes in a spiral wound and disk tube 
configurations, and so forth. There are numerous commercially available semi-permeable 
5 membranes that are characterized by having pores small enough to allow water to pass while 

screening out solute molecules such as sodium chloride (NaCl) and their ionic molecular species 
such as chloride. Such semi-permeable membranes can be made of organic membranes made of 
materials such as cellulose acetate, cellulose nitrate, polysulfone, polyvinyHdene fluoride, 
polyamide and acrylonitrile co-polymers; mineral membrane or ceramic membranes made of 
10 materials such as Zr0 2 and Ti0 2 ; and so forth. Preferably, the material selected for use as the 

semi-permeabie membrane (16) should be able to withstand temperatures as high as 60° C and a 
pH of about 10, since the second solution may be slightly alkaline, about 8 to 9.6 pH. The 
membranes used in the methods of the invention need not be made out of one of these materials, 
they can be composites of various materials already mentioned. Given the efficiency of the 
15 present method, the overall surface area of the membrane (16) used can be greatly reduced in 
comparison to the prior art methods of desalination. 

Like the first solution, the second solution is preferably an aqueous solution, i.e., the 
solvent is water, but the use of non-aqueous solutions such as organic solvents in the methods of 
the present invention are also contemplated. 
20 The second solution has a concentration greater than that of the first solution. This is 

achieved using solutes that are soluble enough to produce a solution that has a higher 
concentration than the first solution. Preferably, the solute witfiin the second solution should (1) 
be easily removable from the second solution through precipitation or decomposition; (2) form 
at least one species that is more readily dissolved in the solvent of the second solution, i.e. , the 
25 soluble species, and one species that is not readily dissolved within the solvent, i.e. , the less- 
soluble species; and (3) posses no health risk if trace amounts of the species of solute remain in 
the resulting solvent. The existence of the soluble and less-soluble species of solutes allows for 
the solutions to be adjusted or manipulated as needed. Typically, the soluble and less-soluble 
solute species reach a point in solution in which, under the particular condition temperature, 
30 pressure, pH, etc., neither species of solute is either increasing or decreasing with respect to the 
other, i.e., the ratio of the soluble to insoluble species of solute is static. This is referred to as 
equilibrium. Given the particular conditions of the solution, the species of solute need not be 
present in a one to one ratio at equiUbrium. Through the addition of a chemical, referred to as a 
reagent, the balance between the species of solutes can be shifted. Using a first reagent, the 
35 equiUbrium of the solution can be shifted to increase the amount of the soluble species of solute. 
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Likewise, using a secoiHPreagent, the equilibrium of the sfaufloir^a^ 

amount of the less-soluble solute species. After the addition of the reagents, the ratio of species 
of solutes will stabilize at a new level which is favored by the conditions of the solution. By 
manipulating the equilibrium in favor of the soluble species of solute, the present invention is 
5 able to achieve a second solution with a concentration near saturation, a state in which the 
solutions solvent cannot dissolve anymore of the solute. 

The preferred solutes for the second solution within the second chamber (18) are 
ammonia and carbon dioxide gases and their products, ammonium carbonate ((NH^CCh), 
ammonium bicarbonate (NH4HCO3), and ammonium carbamate (NH2COONH4). Ammonia and 

10 carbon dioxide, when dissolved in water at a ratio of about 1, form a solution comprised 
primarily of ammonium bicarbonate and to a lesser extent the related products ammonium 
carbonate and ammonium carbamate. The equilibrium in this solution favors the less-soluble 
species of solute, ammonium bicarbonate, over the soluble species of solute, ammonium 
carbamate and to a lesser extent ammonium carbonate. Buffering the solution comprised 

15 primarily of ammonium bicarbonate with an excess of ammonia gas so that the ratio of ammonia 
to carbon dioxide increases to about 1.75 to 2.0 will shift the equiHbrium of the solution towards 
the soluble species of the solute, ammonium carbamate. The ammonia gas is more soluble in 
water and is preferentially adsorbed by the solution. Because ammonium carbamate is more 
readily adsorbed by the solvent of the second solution, its concentration can be increased, 

20 preferably, to the point where the solvent cannot adsorb anymore of tbe solute, i. e. saturation In 
the present invention, the concentration of solutes within this second solution achieved by this 
manipulation is greater than about 2 molal, preferably more than about 6 molal, most preferably 
about 6 to 12 molal. 

Ammonia gas is a preferred first reagent for ammonium carbamate since it is one of the 
25 chemical elements that results when the solute ammonium carbamate is decomposed, otherwise 
referred to as a constituent element. In general, it is preferred that the reagent for the solvent be 
a constituent element of the solute since any excess reagent can easily be removed from the 
solution when the solvent is removed, and, in a preferred embodiment the constituent element 
can be reveled as the first reagent as discussed further below. However, other reagents that can 
30 manipulate the equilibrium of the solute species in solution are contemplated so long as the 
reagent is easily removed from the solution by precipitation or decomposition and the reagent 
posses no health risk if trace elements of the reagent remain within the final solvent. 

In addition to manipulating the equilibrium of the solute species, the concentration of the 
second solution can be further increased by raising the temperature of the solution. For 
35 example, by raising the temperature of the second solution to about 50 to 55° C the 
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concentration of airinioMin carbamate within the solution-can me..mctaRMSouf4wB-±^MvM:gm ' 
about 6 to 10 molal to about 1 5 to 1 8 molal and may generate a hyper-saturated solution — a 
solution in which the solvent has adsorbed more solutes than it can at room temperature. 
However, the temperature of the solution should not exceed the temperature at which the solutes 
5 decompose, which in the case of ammonium carbamate is about 58° C. 

The present process begins by bringing the first solution and the second solution into 
contact with the first and second sides of the semi-permeable membrane (16), respectively. 
Although the first and second solutions can remain stagnant, it is preferred that both the first and 
second solutions are introduced by cross flow, i.e., flows parallel to the surface of the semi- 
10 permeable membrane (16). This increases the amount of surface area of the semi-permeable 
membrane (16) a given amount of the solutions comes into contact with thereby increasing the 
efficiency of the forward osmosis. Most preferably, the first and second solutions will circulate 
in opposite directions. 

Since the second solution in the second chamber (18) has a higher solute concentration 

15 than the first solution in the first chamber (12), the solvent in the first solution diffuses to the 
second solution by forward osmosis — water's natural tendency to move from the less 
concentrated solution to a more concentrated solution. The difference in concentration between 
the two solutions is so great that the solvent passes through the semi-permeable membrane (16) 
without the addition of pressure to the first solution. For example seawater typically has a salt 

20 concentration of about 0.6 molal, which is significantly less than the solute concentration of 
about 6-10 molal within the second solution. The concentration gradient between the first 
solution (saltwater) and the second solution (saturated with ammonium carbamate) generates an 
osmotic pressure of about 150 arm on the first solution. The typical pressure exerted on 
saltwater in reverse osmosis is about 50 to 70 arm. This permits the flow rate of water from the 

25 saltwater across the semi-permeable membrane (16), otherwise known as flux, in the present 

invention to be at least about 2 to 3 times the flux achieved using reverse osmosis. The flux can 
be further increased by applying external pressure to the first solution 

. During the desalination process, the first solution becomes more concentrated as it loses 
solvent and the second solution becomes more diluted as it gains solvent. Despite this 

30 occurrence, the concentration gradient between the two solutions remains si gnifi cant. For 
example, when the solutions are stagnant the first solution becomes saturated when it 
experiences an approximately 90% decrease in volume. At this point, the solutes contained 
within the first solution begin to precipitate. Yet, throughout the final 10% reduction of the first 
solution, the rate of flow remains significant. Despite the ability of the present process to 

35 maintain a significant rate of flow throughout the process, it is preferred when the solutions are 
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stagnant or circulated tHST additional solutes are introduceJiHStr^ 

the second solutions concentration at about the concentration it had before it came into contact 
with the first solution. Preferably the additional solutes are recycled within the process as 
discussed further below. This maintains the increased flux of water across the semi-permeable 
5 membrane (16). 

Overall, this process results in the removal of about 95 to 99% of the solvent contained 
within the first solution due largely to the increased concentration of the second solution 
resulting from the equilibrium shift induced by the addition of the first reagent. Overall, this 
process results in an average rate of flow across the membrane (16) that appears to be 

10 significantly higher than the average rate of flow of the reverse osmosis process. Further 

efficiencies are achieved in comparison to reverse osmosis since forward osmosis across the 
membrane (16) does not compact the membrane as commonly occurs with the mechanical 
pressure used in reverse osmosis. Additionally, with the flow rates of the present invention, the 
overall surface area of the semi-permeable membrane (16) can be reduced without affecting the 

15 overall efficacy of the process, also resulting in substantial savings. 

The discharge (14), Le, the concentrated first solution referred to as a brine discharge, 
has a greater concentration of solutes, such as sodium chloride (NaCl). Thus, the excess solutes 
can be removed from the concentrated first solution prior to retirrning the first solution to its 
source or recirculating the first solution through the present method. This can be done, for 

20 example, by contacting the concentrated first solution with a solar evaporator, a mechanism of 
simple screen filtration, hydrocyclone, or a precipitation mass or other nucleation point, to 
remove the precipitate of the excess solute. This excess solute, typically sodium chloride 
(NaCl), may be further processed to make it suitable for consumer or industrial purposes. 

Having adsorbed the solvent of the first solution by forward osmosis, it is then necessary 

25 to remove the solutes from the solvent- enriched second solution to obtain only the solvent. This 
can be accomplished by precipitating the solutes out of the solution or decomposing the solutes 
into their constituent gasses that vaporize out of solution. Preferably a combination of 
precipitation and decomposition is used to ensure the energy efficient removal of all the solutes. 
By removing a portion of the solutes by precipitation the amount of energy required to heat the 

30 solution to decompose the remaining solutes is reduced, and decomposition results in the 

complete removal of the solutes. These precipitation and decomposition steps are described 
with reference to the third and fourth chamber (22, 24), respectively. 

The solvent-enriched second solution in the second chamber (18) is withdrawn to a third 
chamber (22), as shown by arrow (19). The solvent-enriched second solution is then treated to 

35 remove a portion of the solutes from the solvent-enriched solution by precipitation. A second 



11 



WO 02/0608^5 p CTAUS02/02740 _ _ 

reagent is introduced tcfTOjust the equilibrium of the solu©^i:Kss^^a^olu1e^&cx.e5 W; 
favor of the less-soluble solute species. As with the first reagent, any chemical capable of 
adjusting the equilibrium is suitable so long as it is easily removed from the solvent-enriched 
second solution and posses no health risk. Preferably the reagent is a constituent element of the 
solute, and in the case of the preferred solute ammonium carbamate is carbon dioxide gas. 
When the solvent-enriched second solution is diffused with carbon dioxide, the ratio of 
ammonia to carbon dioxide in solution is reduced to about 1.25 and the equilibrium in the 
solvent-enriched second solution shifts back towards the less-soluble species of solute, 
ammonium bicarbonate. The less-soluble species of solute then precipitates out of solution. The 
precipitation of the ammonium bicarbonate results in a substantial reduction in the concentration 
of solutes within the solvent-enriched second solution to about 2 to 3 molal. Preferably, the 
temperature of the solvent-enriched second solution in the third chamber (22) is lowered to 
about 18 to 25° C, preferably 20 to 25° C to assist in the precipitation of the solute. 

The precipitated solute is then filtered from the solution. Although this can be done 
within the third chamber (22), the solution is preferably directed to a filtration chamber(29) as 
shown by arrow (36). Using well known methods, such as a hydrocyclone, sedimentation tank, 
column filtration, or simple screen filtration, the precipitated solute is removed from the solvent- 
enriched solution. Preferably, the precipitate is allowed to settle out of solution by gravity and is 
then siphoned off. 

The remaining solvent-enriched second solution is transferred from the filter chamber 
(29) to a fourth chamber (24), as shown by arrow (23), where it is then heated to decompose the 
solutes into their constituent gasses. In the preferred embodiment, these constituent gasses may 
be ammonia and carbon dioxide. The energy required for the separation process is that heat 
required to raise the temperature of the solution from approximately 15-18° C (sea water 
temperature) to approximately 30 to 60° C, more preferably about 60° C (for the complete 
removal of the ammonium carbamate solute), but no higher than 100° C. Additional heat is also 
required to make up for the inefficiency of heat transfer of the enthalpies of vaporization and 
solution of the solutes recycled within the process. This heating causes the remaining solutes in 
the solvent-enriched second solution to decompose into constituent gases, which leave the 
solution. Preferably, a vacuum or air flow is maintained over the water-enriched second 
solution while it is being heated in order to improve the efficiency with which the decomposition 
gases vaporize out of solution. By generating the air flow over the fourth chamber it may be 
possible to remove all the solutes at a lower temperature than typically used. This decomposition 
results in a potable water product which may be further treated by the addition of solutes such as 
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chlorine or fluorine. In ^emeral, the potable water ^Toduc^^M^^St^SM ^SSl^SM^r 

pH adjustments may be necessary to make the water suitable for its intended purpose. 

The solvent-enriched second solution is heated using a combination of external heat 

sources (34) and heat pumped through a heat exchanger (32) from the exothermic introduction 

5 of gasses and solutes (38, 42). The external heat source (34) maybe supplied by any thermal 

source including solar and geotherrnal energy, but the sources are expected to be similar to those 

of distillation — primarily from co generation environments, making use of waste heat from 

power generation or industrial processes. Furthermore, the process efficiency may be 

maintained by using a heat exchanger (32) to capture the heat released during the previous steps 

10 in the present method of desalination. As shown by the arrows (38) and (42) in Fig. 2, heat 

released from the chemical reactions within the second and third chambers (18, 22) is pumped to 
the heat pump (32) that then pumps this heat to the fourth chamber (24) to assist in heating the 
solvent-enriched second solution, as shown by arrow (40). In an alternative embodiment, 
additional heat is generated by allowing the constituent gases released to condense on the 

1 5 exterior of the chamber (24) in which the solvent-enriched second solution is being heated, thus, 
transferring the energy from this exothermic reaction to the fourth chamber (24). The 
condensate, which in the preferred embodiment is ammonium carbamate, is then recycled to the 
second solution in the second chamber (18). 

It is also preferable to recycle the solutes and solute constituents removed from the 

20 second solution to limit the environmental impact and cost of the present method of forward 
osmosis desalination. The precipitated solute discarded from the filtration chamber may be 
recycled to the second chamber (18) where it can dissolve in the second solution an thereby 
maintain the high concentration of the second solution, as shown by arrow (28). Additionally, 
the constituent gasses removed from the solvent-enriched second solution in the fourth chamber 

25 (24) can be recycled back to the second or third chambers (1 8, 22) as shown by arrows (20) and 
(30), respectively, where they act as reagents. In the preferred embodiment, the ammonium 
carbamate is decomposed into its constituent gasses: ammonia and carbon dioxide. These 
gasses are then recycled to the second chamber (18) as shown by arrow (20). Since the 
ammonia is more soluble than the carbon dioxide the ammonia is preferentially adsorbed by the 

30 second solution and acts as a reagent by adjusting the equihbrium of the solute species in favor 
of ammonia carbamate. The remaining carbon dioxide is withdrawn from the second chamber 
(18), as shown in arrow (30), and transferred to the third chamber (22) where it acts as a reagent 
and alters the equilibrium of the second solution in favor ammonium bicarbonate. Since the 
preferred embodiment of the present invention contemplates recycling the constituent gases 

35 derived from the decomposition of the solutes, it may be necessary to precipitate less than 
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optimal amounts of thermites to ensure that enough gas WrW^^i^W^l^l^MMl^M^ 
of the present process. Typically, removing about half of the solutes from solution by 
precipitation should assure that sufficient amounts of the constituent gases will be generated to 
maintain the present process. 
5 The process described herein may be conducted continuously, or in batches, to better 

isolate the solutions in throughout the process. 

An apparatus for conducting the present method is detailed within Figure 3. The 
apparatus has a first chamber (12) that has an inlet (50) and outlet (52). The inlet for the first 
chamber (50) is in communication with a source for the first solution, such as a holding tank for 

10 solution having undergone pre-treatment or to a natural source for the first solution, such as the 
sea, a lake, stream and other bodies of water and waterways. The inlet for the first chamber (50) 
may incorporate a pump in order to siphon the first solution from its source. It also may 
optionally include heating or cooling devices in order to adjust the temperature of the first 
solution. Similarly, the outlet for the first chamber (52) may incorporate a pump in order to 

15 extract the first solution from the first chamber (12). The outlet (52) may be used to recirculate 
the first solution directly to the source for the first solution, although preferably, the first 
solution will be pumped into or across a precipitation device prior to being returned to the 
source of the first solution. Such a precipitation device may include a solar evaporation bed, 
mechanism of simple screen filtration, hydro cyclone, or a precipitation mass or other nucleation 

20 point, or other types known to those skilled in the art. The first chamber (12) is separated from a 
second chamber (18) by a semi-permeable membrane (16). 

The second chamber (18) has an inlet (54) and a first and second outlets (56, 58). The 
inlet (54) provides a source for the second solution and may incorporate a pump as well as 
heating device. The first outlet for the second chamber (56) is in communication with a third 

25 chamber (22), and provides a conduit for transferring the solvent-enriched second solution to the 
third chamber (22). This first outlet for the second chamber (56) can incorporate a pump to 
withdraw the water-enriched second solution from the second chamber (18). In another 
embodiment of the present invention, the first outlet for the second chamber (56) may 
incorporate a cooling device to cool the solvent-enriched second solution as discussed above. 

30 The second outlet for the second chamber (58) provides a conduit for any remaining first 

reagent, which in the preferred embodiment would be carbon dioxide gas, to be transferred to 
the third chamber (22). 

The third chamber (22) is where a portion of the solute is precipitated out of the water- 
enriched solution. The third chamber (22), in addition to the inlets for (56) and (58), has an 

35 outlet (60) in communication with a filtration device (29) for separating the precipitate from the 
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solvent-enriched solutiSP' The filtration device (29) is of m&W&i^&^&&&&'0 



although it preferably is a sedimentation tank. The filtration device (29) has two outlets: the first 
outlet (62) may be used to dispose of the precipitated solute or return it to the second chamber 
(18) through the second chamber inlet (54), and the second outlet (64) may transfer the 
remaining solvent-enriched second solution to the fourth chamber (24). In an alternate 
embodiment, the filtration device (29) may be incorporated into the third chamber (22) in which 
case the third chamber (22) will have an additional outlet, one outlet to transfer the remaining 
solvent-enriched second solution to the fourth chamber (24) and another outlet to dispose of the 
precipitated solute or, in the preferred embodiment, return the precipitate to the second chamber 
(18) through the second chamber inlet (54). 

The fourth chamber (24) incorporates a heating device for heating the remaining solvent- 
enriched second solution. The fourth chamber (24) also incorporates a first outlet (66), which 
may incorporate a vacuum, fan, or other device for generating airflow, for venting the 
constituent gasses. Preferably, the first outlet for the fourth chamber (66) is in communication 
with the inlet (54) for the second chamber (18) to recycle the constituent gasses as the second 
solute. The second outlet (68) acts as a conduit for withdrawing the final potable water product. 

Any materials may be used to construct the various holding and/or storage devices 
(chamber, vessels and receptacles), conduits, piping, and related equipment, as long as they will 
withstand the weight of the solutions, and be unreactive with any solutes within the solutions. 
Typical materials are non-corrosive, non-reactive materials such as stainless steel, plastic, 
polyvinyl chloride (PVC), fiberglass, and so forth. The vessels can take any suitable 
configuration, but are typically cylindrical tanks, contoured or fitted tanks, and so forth. The 
receptacles are typically water towers, cylindrical tanks, contoured or fitted tanks, and so forth. 
As discussed above, it is important to note that the chambers are shown as separate units but the 
invention is not limited to that configuration, and where appropriate, i.e. the first and second 
chambers (12, 18), can be contained within a single vessel partitioned into two chambers 
separated by the semi-permeable membrane (16), 

The size and configuration of the holding device are not critical to the invention. It is 
contemplated that the present desalination process would be implemented on a scale suitable for 
generating potable water suitable for use within communities or for industrial use. However, it 
is also contemplated that the size and configuration of the process can be scaled so as to provide 
potable water on a smaller scale such as to campers and boaters as well. 

The heating and cooling devices can be electrical heaters, refrigeration units, solar 
collectors, and heat exchangers such as steam condensers, circulators and so forth, such as are 
well known in the art, but preferably heat exchangers. The heating and cooling devices, along 
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with any other equipmerrr used within the process of the pressMianvemiWnV^ 

requirements, can derive their energy from any variety ot commonly used sources, including by 

means of illustration and not limitation, waste steam, solar energy, wind or geothermal energy, 

and conventional sources. 

Although the present invention has been illustrated and described in connection with 

saltwater, it is to be understood that the present invention is not restricted to saline water and the 

units or present invention can be used for extracting various types of solvents from many types 

of solutes so long as the solvent can withstand the pH and temperature of the ammonium 

carbamate solution. Additionally, the present method would be suitable for the concentration of 

various solutes such as salt or sugar and drugs or other compounds. 

Accordingly, it is to be understood that the embodiments of the invention herein 
described are merely illustrative of the application of the principles of the invention. Reference 
herein to details of the illustrated embodiments are not intended to limit the scope of the claims, 
which themselves recite those features. It should be understood by those skilled in the art that 
various changes may be made and equivalents may be substituted without departing from the 
true spirit and scope of the invention. In addition, many modifications may be made to adapt a 
particular situation, material, composition of matter, process, process step or steps, to the 
objective, spirit and scope of the present invention. All such modifications are intended to be 
within the scope of the claims appended hereto. 
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Claims 

What is claimed is: 

1 . An osmotic method for extracting a solvent from a first solution comprising the steps of: 

a. exposing the first solution to a first surface of a semi-permeable membrane; 

b. adjusting the equilibrium in a second solution to increase the amount of a soluble 
species of solute in the second solution by adding a first reagent such that the 
concentration of the second solution is greater than that of the first solution; 

c. exposing the second solution to a second opposed surface of the membrane; 

d. drawing a solvent from the first solution through the membrane and into the 
second solution producing a solvent-enriched second solution; 

e. precipitating a portion of the solute out of the solvent-enriched second solution; 

f. filtering the precipitated solute out of the solvent- enriched second solution; and 

g. heating the solvent-enriched second solution to decompose the remaining solute 
into its constituent gasses to produce a solvent. 

2. The method of claim 1 wherein said first solution is seawater, brackish water, wastewater, 
contaminated water, or other aqueous solution. 

3. The method of claim 1 wherein the portion of solute is precipitated out of the solvent- 
enriched second solution by adjusting the equilibrium of the solvent-enriched second 
solution to increase the amount of a less-soluble species of solute present in the solution by 
adding a second reagent causing a portion of the less-soluble species of solute to 
precipitate out of the solvent-enriched second solution. 

4. The method of claim 1 wherein the second solution is comprised of a concentrated solution 
of ammonia and carbon dioxide, ammonium carbonate, ammonium bicarbonate, and 
ammoni um carbamate. 

5. The method of claim 1 wherein the second solution is heated to about 50 to 58° C to 
increase the concentration of the second solution. 
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6. The method ot claim 5 wherein the solvent-enrichedlM^ria.£^^^ SooibOS 
to 25° C prior to precipitating a portion of the solute out of the solvent-enriched second 
solution. 

5 7. The method of claim 1 wherein the semi-permeable membrane allows the passage of 
water, but excludes the dissolved solutes sodium chloride, ammonium carbonate, 
ammonium bicarbonate, and ammonium carbamate. 
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8. The method of claim 3 wherein the second reagent is comprised of carbon dioxide gas. 

9. The method of claim 1 wherein said first reagent is comprised of a mixture of carbon 
dioxide and ammonia gasses. 

10. The method of claim 1 wherein the precipitated less-soluble species are reintroduced to the 
15 second solution and allowed to redisolve therein to maintain concentration of said second 

solution. 

1 1 . The method of claim 1 wherein the constituent gasses are ammonia and carbon dioxide. 
20 12. The method of claim 1 wherein the constituent gases are reintroduced as the first reagent. 

13. The method of claim 1 where the heat used to decompose the remaining soluble and less- 
soluble species of solute is comprised of at least one of waste steam, solar, geothermal, and 
heat pumped by heat exchange. 

25 

14. The method of claim 1, where the heat used to decompose the remaining soluble and less 
soluble species of solute is heat produced by exothermic reactions that occur when the 
equihbrium of the solutes is adjusted. 

30 15. The method of claim 1 comprising the further step of subj ecting the solvent to at least one 
of pH balancing and supplementing with additional solutes. 

16. The method of claim 1 comprising the further step of pumping a concentrated first solution 
to solar evaporation tanks. 

35 
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